We have measured two-dimensional photoelectron momentum spectra of Ne, Ar, and Xe generated by 800-nm, 100-fs laser pulses and succeeded in identifying the spectral ridge region (back-rescattered ridges) which marks the location of the returning electrons that have been backscattered at their maximum kinetic energies. We demonstrate that the structural information, in particular the differential elastic scattering cross sections of the target ion by free electrons, can be accurately extracted from the intensity distributions of photoelectrons on the ridges, thus effecting a first step toward laser-induced self-imaging of the target, with unprecedented spatial and temporal resolutions.
In recent years, the interaction of atoms and molecules with intense laser fields continues to receive wide interest with the discovery of many new exciting phenomena (see, for example, [1] and references therein). When an atom or a molecule is exposed to an optical field whose magnitude matches the intra-atomic and intramolecular Coulombic fields, the atom or the molecule is first tunnel ionized, releasing an electron. This electron is placed in the oscillating electric field of the laser and may be driven back to its parent ion. This re-encounter may incur various elastic and inelastic electron-ion collision phenomena. These elementary processes form the core of the rescattering theory [2, 3] and initiate many interesting laser-induced phenomena. Among them, the first exciting one may be the generation of attosecond pulses and the subsequent emergence of ''attosecond science'' [4 -6] . The second exciting one, which has been widely discussed (see [7, 8] and references therein ) but not yet been implemented, is the possibility of using the returning electron for self-imaging the target, as it may collide with the target ion.
When a laser-induced photoelectron is driven back to recollide with the target ion, structural information of the target can be extracted from the recombination of the electron and ion. In a recent paper, Itatani et al. reported that the outermost molecular orbital of the N 2 molecule can be extracted from the high-order harmonic generation spectra using the tomographic procedure [9] . This inspiring idea, together with an exploratory experimental result, has generated a wave of excitement. However, their extracted orbital wave function, even though impressive, relies on a number of unchecked assumptions [10 -12] . To make their idea as a practical tool for retrieving structural information it still awaits a careful theoretical investigation of the underlying assumptions.
Along this direction, it has been shown recently by Morishita et al. [13, 14] that differential elastic scattering cross sections of the target ion by free electrons can be accurately extracted from laser-induced photoelectron momentum spectra, a method dubbed the ''light-induced electron microscope.'' Their conclusion was drawn from accurate numerical results by solving the time-dependent Schrödinger equation of atoms in intense laser fields. Since differential elastic scattering cross sections by free electrons are the conventional methods for investigating the structure of atoms and molecules, the light-induced electron microscope offers the possibility of determining their structure using lasers, with the added benefit of achieving femto-to subfemtosecond temporal resolutions offered by the short laser pulses.
In the present Letter, we present the first experimental demonstration of the prediction of Morishita et al. Namely, we measured the angular distributions of laser-induced backscattered photoelectrons of Ne, Ar, and Xe atoms, using laser pulses at wavelength of 800 nm and pulse width of 100 fs, and extracted the elastic differential scattering cross sections of the target ions Ne , Ar , and Xe by free electrons, by applying the recipe of Morishita et al.. We illustrated that the elastic scattering cross sections of these target ions can indeed be extracted from the angular distributions of the measured photoelectrons. While the present conclusion is derived from atomic targets with 100-fs laser pulses, the procedure is expected to apply to molecular targets exposed to few-cycle pulses as well.
Let us describe the experimental method first. In our experiments, we detected electrons using a 264-mm-long linear time-of-flight (TOF) spectrometer with a limited detection angle (0:0014 4 sr). The fundamental output (800 nm) from an amplified Ti:Sapphire laser system (pulse width of 100 fs, repetition rate of 1 kHz) was used as the ionizing radiation. The 2 -3 mm diameter laser beam was focused by an f 60 mm lens to a field free location between two grounded electrodes comprising graphite-coated Al with 80% transmission Cu mesh. Ar, Kr or Xe gas was effusively introduced: a typical working pressure is in the range of 3-7 10 ÿ6 mb, whereas the base pressure is less than 10 ÿ10 mb.
To perform the angular distribution measurement of the photoelectrons, the polarization direction of the laser was varied using a =2 plate. This plate was rotated with a constant speed of exactly one rotation per minute and thus the laser polarization makes one full turn in every 30 s. The total data acquisition time was typically 2 -4 hours, averaging over several hundred rotations of the electric vector. No synchronization of the rotation and the laser pulses was used. Instead we recorded a marker signal for the position of the =2 plate as a function of the laser shots. From this signal the laser polarization direction for each laser shot was derived. Only electrons ejected in the direction of the TOF spectrometer were detected by tandem microchannel plates.
To obtain the peak laser intensity at the ionization point, we measured the ratio of Xe 2 to Xe as a function of the incident laser power and, using the results of Talebpour et al. [15] as reference data, we established the relation between the peak laser intensity and the reading of the laser power measured by the power meter in the nonsaturation regime well below 10 14 W=cm 2 . The peak laser intensity cited in this paper is based on the linear extrapolation of this intensity scale. Our measurements presented below are recorded at 3:5, 2:3, and 1:5 10 14 W=cm 2 for Ne, Ar, and Xe, respectively, in this scale. We note that these intensities are already in the saturation regime, and the contributions to the experimental ionization spectra come from the wide range of laser intensities lower than these values due to the volume focusing effect [16] .
The electron energy calibration was made with reference to the multiphoton ionization of Xe atoms in the kinetic energy region of less than 10 eV. Comparing the time origin of the TOF spectrometer from this calibration with the measured one, we estimated that the error of the energy scale in our data is <5%. The efficacy of our high resolution electron spectroscopy technique to study strong field molecular dynamics has been recently demonstrated [17] [18] [19] . Further details of the experimental setup and procedure are given elsewhere [20, 21] . Figure 1 [22, 23] . From the electron spectra in Fig. 1 , it is clear that rescattering contribution becomes less for larger angles. Characteristic angular distributions of high-energy photoelectrons have been observed for Kr and Xe [22] and analyzed using different theoretical approaches [23] [24] [25] . However, direct connection between laser-induced photoelectron angular distributions of neutral atoms with the elastic backscattering of target atomic ions by free electrons was first established quantitatively by Morishita et al. [13, 14] .
To identify the contribution from high-energy rescattered electrons, we plot in Fig. 2 two-dimensional (2D) momentum distributions for high-energy electrons from Ne, Ar, and Xe, at the laser intensities of 3.5, 2.3, and 1:5 10 14 W=cm 2 , respectively. We have chosen the horizontal axis to be along the direction of the light polarization and the vertical axis along any direction perpendicular to it (due to cylindrical symmetry of the linearly polarized light; see, e.g., Maharjan et al. [26] ). In Fig. 2 the photoelectron distributions for Ne, Ar, and Xe are quite different, particularly along the half-circular ridges marked with dashed lines; see Fig. 2 .
To understand these circular ridges, some theoretical remarks are in order. They represent the electron that has been rescattered into the backward directions by the parent ion. Thus they are called ''back-rescattered ridges'' (BRR) electrons [13, 14] . The BRR on the right (left) is from the electron that travels away to the right (left) initially, returns to the ion, and then is rescattered back to the right (left). The position of the BRR in the 2D momentum space can be expressed as
where the first term is the momentum gain as the electron propagates from the time of the backscattering to the end of 
where r is the backscattering angle, ranging from 90 to 180 . In Fig. 3 , we replot the photoelectron yields along BRR as a function of the backscattering angle r . Here we plot the photoelectron yields within the bins of p 1:7 0:05 a:u:, 1:3 0:05 a:u:, and 1:1 0:05 a:u: for Ne, Ar, and Xe, respectively. These values of p correspond to the effective kinetic energy 3:17U eff p of the returning electrons 39, 23, and 16.5 eV for Ne, Ar, and Xe, respectively. We comment that these electrons have much lower energies in comparison to the tens to hundreds of keV electrons used for electron diffraction. Comparing the extracted photoelectron momentum spectra with the calculated differential elastic cross sections of the target ion by a free electron at energy E p 2 =2, we found very reasonable agreement between the two results for each target atom. In particular, a very clear minimum in the differential cross section can be seen in Ar and Xe, while the monotonous decrease in the cross sections as the angle decreases, with a possible additional minimum at about 110 , can be seen for Ne. In calculating elastic scattering cross sections, we used a model potential to approximate the interaction between the active electron with the ion core [16] . We use the form of the effective charge of the potentials in Ref. [27] , Z eff r ÿ1 a 1 e ÿa 2 r a 3 re ÿa 4 r a 5 e ÿa 6 r . The actual numbers of parameter sets fa i g are listed in Ref. [27] for Ne and Ar, and a 1 51:356, a 2 2:112, a 3 ÿ99:927, a 4 3:737, a 5 1:644, and a 6 0:431 are used for Xe. These comparisons illustrate that laser-induced momentum images on the BRR can be used to obtain elastic scattering cross sections of a free electron by the target ion. The minima can be interpreted as due to the interference between the scattering amplitudes corresponding to Coulombic potential and the remaining short-range potential as demonstrating the use of the screened Coulomb potential to describe the electron-ion interaction [28] . Alternatively, one can view it as evidence of diffraction of electrons scattered by the potential.
Careful inspection reveals some discrepancies between the theoretical curve and the experimental points for each target (Fig. 3 ). These differences mainly stem from the fact that the BRR cross sections at smaller scattering angles are ''contaminated'' by rescattering into the forward directions from the other half cycle; see Ref. [13] . For scattering angles around 180 , the discrepancy may possibly arise from the many-electron effect on the elastic scattering cross sections which has not been treated in the singleelectron model. In the future, additional differential cross sections will be obtained experimentally by using different laser intensities and/or different wavelengths. From several sets of such data, the structure can be retrieved by finding the parameters in the model potential that best fit the experimental differential cross sections.
In summary, we have demonstrated that the angular anisotropy of the electron emission along the BRR directly reflects differential elastic cross sections of the target ion by a free electron. This conclusion has far-reaching implications since electron scattering is a powerful tool for determining the structure of molecules in the traditional energy-domain measurements. For molecules, a multicenter model potential is quite adequate to describe the elastic scattering by the electrons. Such a potential also has information on the positions of all the atomic centers. This implies that infrared lasers can be employed to probe the structure of molecules. For few-cycle infrared lasers, the rescattering of the electrons with the parent ions occurs within the order of 1 femtosecond and with attosecond temporal resolution [29] . Thus few-cycle infrared lasers can handily achieve subfemtosecond temporal resolution, and they may serve as efficient ultrafast cameras for imaging physical, chemical, and biological systems where the system is undergoing rapid structural change.
